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Abstract  
The paper presents an in-depth analysis on the crystallisation kinetics of Pebax-Graphene composites 
when processed with and without supercritical fluid carbon dioxide (scCO2) assisted extrusion at various 
graphene loading concentrations. Crystallisation behaviour was understood using the Avrami model for 
isothermal conditions and the Avrami, Ozawa and Combined Avrami-Ozawa model for non-isothermal 
conditions. The results from crystallisation kinetics suggest that the crystal structure transformed from 
2D to 3D when processed with scCO2. The overall crystallisation rate decreases when the composite 
matrix was processed with scCO2 under both isothermal and non-isothermal conditions promoting 
possible exfoliation and crystal rearrangement resulting in homogenisation of the composite matrix. The 
Arrhenius and Kissinger’s activation energy was calculated which is indicative of restriction opposed by 
graphene exfoliation to nucleation and crystal growth when processed with scCO2. Crystallite size was 
calculated from the X-ray diffraction (XRD) pattern using Scherrer’s equation, where the crystallite size 
tends to decrease when processed with scCO2 favouring the production of a homogenous composite 
matrix due to crystal rearrangement and graphene exfoliation.  
Introduction 
Since its discovery in 2004, graphene has received tremendous attention worldwide due to its ability 
to be readily functionalised and being adaptable and suitable to a wide range of applications. Such 
applications range from drug delivery in pharmaceutical to transistors for electronic industries1, 2. 
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Graphene is a one-atom-thick carbon layer exhibiting high electron mobility of 2.5x105 cm2 V-1s-1, 
Young’s modulus of 0.5-1 TPa and thermal conductivity of 3000 WmK-1 3-5. Recently, graphene-based 
polymer composites are becoming more attractive due to their exceptional tuneable properties and many 
applications. However, large-scale production and commercial availability of graphene at a low cost still 
remain a major prerequisite. In addition, maintaining the intrinsic properties (an exfoliated state without 
agglomeration) of graphene within any matrix is one of the biggest challenges faced by the researchers 
and manufacturing industries. This problem of agglomeration and higher probabilities of defective 
graphene through chemical exfoliation, in turn, restricts the use of graphene for some promising 
applications 6-11.  In recent years supercritical assisted processing of graphene-based composites has 
attracted many researchers, which overcomes the problem of agglomeration and defective graphene 
nanoparticles 11-13.   
A supercritical fluid is any substance beyond its critical pressure and temperature. The properties of 
supercritical carbon dioxide (scCO2) are most commonly documented in the literature and it is a 
commonly used substance, due to attractive properties such as non-toxicity, non-flammability and easily 
achievable critical parameters 14-17. Extensive research has been carried out in scCO2-assisted polymer 
processing for tailoring electrical 18, 19, thermal 20, 21, mechanical 22, microcellular formation 23, porosity 24 
and microphase separation 21 of different polymer and polymer composites for several applications.  
Several research and review articles are also available with an emphasis on the synthesis and 
processibility of scCO2 graphene composites for a myriad range of applications, mostly concentrating on 
single-step autoclave techniques 5, 6, 11-13, 25-28.  A number of researchers have also reported the continuous 
industrial standard processing of graphene-based composite three-dimensional foams 6, 28-30. However, 
the effects of reprocessing once scCO2 assisted processed composite has not been described elsewhere. 
Usually, when processing composites using extrusion, the extrudates are processed twice to attain even 
dispersion. Therefore, this article describes the effects of reprocessing the polymer matrix, which was 
once processed using scCO2, on the crystallisation kinetics of the reprocessed polymer matrix and is 
compared against the untreated counterpart.  
 
Poly (ether-block-amide) – Pebax is a thermoplastic elastomer (TPE) typically used as intravascular 
balloon catheters. Pebax consists of alternating crystalline polyamide-12 blocks (Nylon 12 - the hard 
segment - provides mechanical strength) covalently bonded to amorphous rubbery polyether blocks (PE 
– the soft segment-provides flexibility) by ester linkages 31-35.  Initial investigation on enhancements of 
thermal and mechanical properties of Pebax graphene composites with (reprocessed) and without scCO2 
processing has already been reported 12. Therefore as a continuation of the initial work, in order to 
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scientifically understand the actual reason for the enhancement of such scCO2 assisted processing on the 
exfoliation of graphene within the Pebax matrix, this paper uses differential scanning calorimetry (DSC) 
to understand the crystallisation kinetics and X-ray diffraction spectra (XRD) to complement the results 
obtained from DSC. Specifically, the effects of using scCO2 continuous processing are understood in 
terms of isothermal and non-isothermal crystallisation kinetics at various graphene loading concentration 
up to 2.5%.  
Experimental Procedure  
Materials 
Poly (ether-block-amide) - Pebax - under the trade name Pebax 5533 SA 01 MED was acquired from 
Arkema, France.  The 5533 series of Pebax is composed of polyamide 12 (Nylon 12) as the hard segment 
and poly (tetramethylene oxide) PTMO as the soft segment.  Pebax was dried using a vacuum oven at 70 
˚C for 5-6 hours to remove the moisture content before the start of the experiment. 
Graphene with a thickness of 6-8 nm, specific surface area of 120 m2/g and purity of 99.5% was procured 
from Ionic Liquid Technologies, USA. No additional graphene modification was carried out during the 
course of the experimental procedure. 
 
Preparation of nanocomposite polymer matrix 
PEBAX was extruded in a co-rotating twin-screw hot melt extruder with an L/D ratio of 40:1. Extrusion 
was carried out at a screw speed of 70-75 RPM; torque between 50 to 60%, die pressure was maintained 
between 5-10 psi and a temperature profile from 110-180 over 10 zones. An additional scCO2 setup 
consisting of a CO2 cylinder, injection pump and controller were installed together using stainless tubes 
to prevent the fluctuating pressure at the injection point and along the barrel (up and down). Kneading 
blocks were incorporated along the length of the screw to provide better mixing and avoid pressure 
fluctuation. The critical temperature and pressure of 31 ˚C and 1200 psi was maintained through the 
extrusion process for all the SCF assisted samples. The flow rate was maintained at 2 ml/min and 
alternatively, the injection pump was refilled to avoid fluctuation in the flow rate. The extrudate with and 
without scCO2 was then passed through a pelletiser system. The granulated composite material was 
further processed again without scCO2. The first part of each batch was processed using hot-melt 
extruder and the other part was processed using injection moulding to attain homogeneous and evenly 
dispersed flat polymer matrix. The formulation of graphene nanoparticles in polymer nanocomposite 
were varied from 0%, 0.25%, 0.5%, 1% and 2.5%.  
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TA Instruments 2000 Differential Scanning Calorimetry (DSC) was used to record the thermograms for 
each of the Pebax graphene composite samples.  All the processing and acquisition of data were done 
using Origin and TA Instruments Universal Data Analysis. 
 
a. Isothermal Crystallisation Kinetics of Pebax Graphene-based Composites Polymer Matrix 
The samples were heated from room temperature to 20 ˚C above melt temperature at the rate of 30 
˚C/min and were held isothermally for 10 minutes in order to remove all the thermal history or residue of 
crystallinity. The sample was then cooled to various crystallisation temperatures (Tc) at a cooling rate of 
50 ˚C/min. A fresh sample was prepared for each of the Tc specific thermograms and the exothermic 
curves of heat flow as a function of time were recorded.  
The crystallization kinetics of semicrystalline polymer under isothermal conditions was described using 
the Avrami equation 36-39.  The Avrami model describes the primary nucleation and growth of crystals 
units until they impinge under isothermal conditions. A time-dependent relative volumetric crystallinity 
X(t) under isothermal conditions can be expressed as:  
  = 1 − exp	(−) Equation (1) 
The above equation can also be written as: 
 log− ln(1 − ) =  +  Equation (2) 
Where ‘t’ is the time, ‘n’ is the Avrami exponent n and k is the overall crystallization rate constant which 
provides information on the mechanism of nucleation and the growth rate. The parameters n and k can be 
obtained from the slope and the intercept of the Avrami plot of log[-ln(1-X(t)] vs. log t. Lorenzo et al. 37 
described that the polymers which nucleate sporadically and crystallise with spherulitic manner usually 
have an Avrami index of 4 and Avrami index is 3 if the nucleation is instantaneous. The author also states 
that an Avrami index of 3 and 2 describe axialitic sporadic and instantaneous crystallisation, 
respectively. Therefore it is crucial to achieve error-free values of n and k.  
Hence, efforts were made to maintain the coefficient of determination of the Avrami plot (r2) near to 
unity in order to obtain the best fit between the theoretical and experimental results for all the 
experimental calculations. The relationship between k and t1/2 based on Kurajica approach is defined as 
t1/2 = (ln 2/K)
1/n 40. The theoretically calculated t1/2 and the experimentally obtained t1/2* are compared in 
the all the tables where the best batch provides an indication of analysis correctness between the theory 
and the experimental value. In order to avoid the influence of secondary crystallisation, the relative 
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crystallinity range between 3% to 20% was chosen for all the samples providing a good fit between the 
theoretical and experimental value 37. 
The equation defined by Arrhenius was used to describe thermal activation energy and the crystallisation 
process under isothermal  conditions given by 40, 41: 
 
/ =		 exp− ∆ ! Equation (3) 
Where K is a temperature independent pre-exponential factor, ∆E is activation energy, R is the gas 
constant, and T is the absolute temperature. The slope of the plot ln (K)*1/n vs. 1/Tc determines the 
∆E/R. 
b. Non-Isothermal Crystallisation Kinetics of Pebax Graphene-based Composites Polymer Matrix 
Each sample was heated from room temperature at the rate of 30 ˚C/min to 20 ˚C above melt temperature 
and was held isothermally for 10 minutes in order to remove all the thermal history or residue of 
crystallinity. The sample was then cooled to 0 ˚C at various cooling rates starting from 2.5 ˚C/min, 5 
˚C/min, 10 ˚C/min and 20 ˚C/min. A fresh sample was prepared for each of the cooling rates and the 
exothermic curves of heat flow as a function of time were recorded.  
The Avrami model was articulated to understand the phase change process, nucleation and growth of a 
given material and has been most commonly used to determine the isothermal polymer crystallisation 
kinetics 36, 38, 39, 42, 43, however, the same can also be used for non-isothermal conditions (refer to Equation 
1 and 2). In order to match the non-isothermal process, the Avrami model has been modified by Jeziorny 
44. Jeziorny’s analysis defines that the kinetic constants can be determined by using the Avrami equation. 
However, under non-isothermal conditions, crystallinity/phase change is the function of temperature 
X(T). The corrected kinetic constant (kˈ) as a function of Avrami kinetic constant (k) and the cooling rate 
(") is given as follows:  
 log 	 ˈ =	$log " % 
Equation (4) 
The relative crystallinity was calculated as a function of temperature and transformed to a time scale by 
using the relationship t = (Tcon- T)/ 	" , where, Tcon is the crystallisation onset temperature at 
crystallisation time t = 0, T is the temperature at the crystallisation time t and " is the cooling rate. The 
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In most polymer non-isothermal studies, the modified Avrami model fails to provide actual information 
on the phase transition and the structure, therefore, the classical Ozawa model or Avrami-Ozawa is most 
applicable to non-isothermal conditions 45. The Ozawa model assumes to extend the mathematical 
derivation proposed by Evans to non-isothermal crystallization at a constant cooling rate with infinite 
isothermal steps as follows 46.  




where, the constant m is the Ozawa exponent, which is independent of temperature and K* is a 
heating/cooling function. The plot of ln [-ln (1-X (T)) vs. ln " gives a linear fit, where the slope and 
intercept gives the kinetic parameters m and k*. The Ozawa exponent m provides qualitative information 
on the nature of the nucleation and growth process, whereas K* provides information related to the 
overall crystallization rate and indicates how fast crystallization occurs 43.   
Liu and co-workers 47 further combined Avrami and Ozawa equation for non-isothermal polymer 
crystallization analysis given by the equation:  
 ln " = ln/( ) − 0 ln  Equation (7) 
where, F (T) = [K*(T)/k] 1/m, which defines the cooling rate required to reach a specific degree of 
crystallinity in a given crystallization time and b is the ratio between Avrami and Ozawa exponents. A 
plot of ln " vs. ln t at specific degree of crystallinity gives a straight line, where the intercept and the 
slope give the values of F (T) and b. 
 
X-Ray diffraction (XRD) data were collected using a PANalytical X’Pert MPD PRO with an X’Celerator 
detector and Copper anode, at 40 kV, 40 mA and a fixed divergence slit of 0.25˚.   The step size was 
0.0167˚.  A Bruker-AXS Phaser diffractometer equipped with a copper source and a Lynx eye detector, 
operated at 40 mA, 40 kV was also used on some samples.  Similar results were obtained from both 
instruments.   The instrument operated in a Bragg-Brentano (2θ) geometry which was fixed to 
goniometer stage comprising of 0.25˚ primary slits and the K-Alpha2/K-Alpha-1 ratio of 0.5. Origin was 
used correct the baseline and calculate the full width half maximum (FWHM). The well-known Scherrer 
formula was used to find the crystallite size given by 48, 49: 
 1 = 23. !56 
Equation (8) 
Where L is the average crystallite size in nanometre (nm), λ is the X-ray wavelength, β (2θ) is the peak 
width of the diffracted peak profile at half maximum height (also known as FWHM) in radians and K is 
constant related to the crystallite shape normally taken as 0.9.  
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Results and Discussion 
Isothermal Crystallisation Kinetics of Pebax Graphene Composite Matrix With and Without scCO2 
The Avrami model was used to understand the isothermal crystallisation kinetics of with and without 
scCO2 Pebax graphene polymer composites matrix at various percentages of graphene loading levels. 
The parameters n and k can be obtained from the slope and the intercept of the Avrami plot of log [-ln 
(1-X(t))] vs. log t. Table 1 shows the parameter n and k along with t1/2 values which were obtained from 
the heat flow thermograms and the theoretically calculated value. The value of n varies between 2 and 3 
for all the samples, indicating a complex fibrillar two-dimensional crystallite structure. 
The k value tends to decrease with increasing isothermal temperatures for all the samples. The value of k 
for samples that are processed without scCO2 increases up to 0.5% loading, the highest being 0.5% (9.12) 
and then slowly decreases and settles for 1% and 2.5% graphene loading (6.02).  
 





( ̊ C) 















141 2.55 0.50 2.97 0.52 0.54 1.8 0.999 
142 2.65 0.23 1.71 0.69 0.71 1.4 0.999 
143 2.69 -0.07 0.85 0.88 0.92 1.0 0.999 




141 2.56 0.40 2.51 0.56 0.60 1.6 0.999 
142 2.84 0.19 1.54 0.72 0.75 1.3 0.999 
143 2.70 -0.07 0.83 0.91 0.93 1.0 0.999 





143 2.00 0.80 6.30 0.31 0.33 3.0 0.999 
144 2.26 0.65 4.46 0.41 0.43 2.3 0.999 
145 2.30 0.43 2.69 0.53 0.55 1.8 0.999 






143 2.24 0.61 4.07 0.42 0.45 2.2 0.999 
144 2.36 0.45 2.81 0.52 0.55 1.8 0.999 
145 2.61 0.23 1.69 0.69 0.70 1.4 1.000 
146 2.51 -0.007 0.98 0.86 0.86 1.1 1.000 
147 2.57 -0.29 0.50 1.13 1.13 0.8 1.000 





143 2.14 0.95 9.12 0.30 0.29 3.4 0.999 
144 2.26 0.80 6.30 0.36 0.37 2.7 0.999 
145 2.41 0.58 3.80 0.49 0.49 2.0 0.999 
146 2.53 0.33 2.13 0.63 0.64 1.5 1.000 
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 147 2.60 0.095 1.24 0.79 0.79 1.2 1.000 





143 2.47 0.53 3.38 0.51 0.52 1.9 1.000 
144 2.67 0.30 1.99 0.66 0.67 1.4 1.000 
145 2.55 0.03 1.07 0.83 0.84 1.1 1.000 
146 2.97 -0.35 0.44 1.17 1.15 0.8 0.999 
147 2.80 -0.65 0.22 1.53 1.49 0.6 0.999 






144 2.05 0.78 6.02 0.31 0.34 2.9 0.999 
145 2.41 0.72 5.24 0.41 0.43 2.3 0.999 
146 2.39 0.38 2.39 0.56 0.59 1.6 1.000 
147 2.73 0.12 1.31 0.79 0.79 1.2 0.999 
148 2.90 -0.23 0.58 1.08 1.05 0.9 0.999 
149 2.79 -0.56 0.27 1.39 1.39 0.7 0.999 
 
 
PG SCF 1 
144 2.20 0.46 2.88 0.51 0.52 1.9 1.000 
145 2.54 0.22 1.65 0.70 0.70 1.4 1.000 
146 2.71 -0.06 0.87 0.93 0.91 1.0 0.999 
147 2.77 -0.39 0.40 1.22 1.21 0.8 1.000 
148 2.78 -0.77 0.16 1.68 1.65 0.6 0.999 




145 2.60 0.78 6.02 0.42 0.43 2.3 1.000 
147 2.91 0.01 1.02 0.89 0.87 1.1 0.999 
148 2.43 -0.25 0.56 1.09 1.09 0.9 1.000 
149 2.63 -0.64 0.22 1.49 1.52 0.6 0.999 





147 2.71 0.13 1.34 0.78 0.78 1.2 0.999 
148 2.68 -0.19 0.64 1.04 1.02 0.9 0.999 
149 2.42 -0.49 0.32 1.35 1.37 0.7 1.000 
150 2.63 -0.88 0.13 1.81 1.87 0.5 0.999 
 
The value of k for samples treated with scCO2 was much lower than the untreated neat counterparts (For 
example, Pebax @ 141 ˚C has a k value of 2.97 while PebaxSCF @ 141 ˚C has a k value of 2.51 and PG 
0.5 @ 143 ˚C has a k value of 9.12 while PGSCF 0.5 @ 143 ˚C has a k value of 3.38). Such lower k 
values, when treated with scCO2 suggest a better interaction between the polymer chain and the graphene 
particles that impose a restriction on the free movement of the polymer chains, hence reducing the rate of 
crystallisation. The t1/2 value decreases upon addition of graphene particles up to 1% and increases for 
2.5% suggesting that graphene particles are acting as nucleating agents up to 1% and agglomerates at 
2.5%. The lowering crystallisation rate can also be understood by increasing t1/2 value (lower 
crystallisation rate means the longer time required to reach 50% crystallisation) for samples that are 
treated with scCO2. Clearly, the t1/2 value of scCO2 treated is much higher than that of the untreated neat 
samples, in addition, this value is highest for 0.5% and gradually tends to decrease till 2.5% loading. This 
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suggests that scCO2 initiates exfoliation and improved interaction of graphene particles which further 
restricts the nucleation and the growth process, however, as the loading concentration is increased 
agglomeration of graphene particles results in free space, and therefore a reduced time to crystallise.  
The Figure 1 presents G=1/t1/2 plotted against various isothermal temperatures, which can be considered 
to give information on crystallisation rate. It can be clearly seen that the crystallisation rate increases 
upon the addition the of graphene particles, however, the crystallisation rate decreases when the 
composite was treated with scCO2 (suggesting exfoliation and better interaction of graphene particles 
with the polymer chains). The rate of crystallisation stabilises for 2.5% with or without scCO2 and 
remains the same through varying temperatures.  
 
Figure 1 Crystallisation rate at various temperatures for Pebax graphene composite (with and without scCO2) under isothermal 
conditions 
The Arrhenius equation was used to determine the activation energy under isothermal conditions. The 
slope of the plot ln (K)*1/n vs 1/Tc determines the ∆E/R as shown in Figure 2 and the calculated 
activation energy tabulated in Table 2. It is obvious that the activation energy decreases by 0.25% and 
then gradually starts to increase until 2.5% graphene loading. When the samples are treated with scCO2, 
the activation energy is lower than their counterpart at low loading (up to 0.25%), however, the scCO2 
graphene composites have higher activation energy for 0.5, 1 and 2.5% compared to their untreated 
composite matrix. 
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Pebax -356.488 141 – 144 
PebaxSCF -315.982 141 – 144 
PG 0.25 -351.308 143 – 146 
PGSCF 0.25 -310.436 143 – 146 
PG 0.5 -357.111 143 – 146 
PGSCF 0.5 -368.252 143 – 146 
PG 1 -386.518 144 – 147 
PGSCF 1 -391.007 144 – 147 
PG 2.5 -428.213 147 – 150 
PGSCF 2.5 -436.843 147 – 150 
These results indicate that at low graphene loading, graphene acts as nucleating sites; as the loading is 
increased, the interfacial interactions restrict the easy movement to crystal growth, thus increasing the 
activation energy.  One of the major observations that can be noted is that the PebaxSCF activation 
energy is far less than the neat Pebax. The k, t1/2 and G values of scCO2 treated Pebax are much lower 
than the neat Pebax, suggesting slow crystallisation rates, due to homogenisation between the hard block 
and the soft block. However, the activation energy tends to decrease, which otherwise should have 
increased according to the Avrami hypothesis. This suggests that the reduction of activation energy may 
be due to a faster growth rate and not due to nucleation rate, where scCO2 allows slower re-crystallisation 
in a more favourable manner.  
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Figure 2 Arrhenius Activation Energy plot of Pebax graphene composites (with and without scCO2) under isothermal 
conditions 
Non-Isothermal Crystallisation Kinetics of Pebax Graphene Composite Matrix With and Without 
scCO2 
The non-isothermal crystallisation kinetics of Pebax-Graphene composites with and without scCO2 was 
studied under various cooling rates. The thermograms for neat Pebax at various non-isothermal 
conditions is shown in Figure 3. It can be clearly observed (Table 3)  that the crystallisation onset 
temperature (Tcon), peak crystallisation temperature (Tc) and crystallisation offset temperature (Tcoff) 
shifts to lower temperature and become broader with increase in the cooling rate from 2.5 ˚C/min to 20 
˚C/min, suggesting heterogeneous nucleation with the addition of graphene (Tc shifts to higher 
temperature-samples without scCO2). The DSC thermograms also show that the crystallisation process 
occurs much faster at higher cooling rates when compared to lower cooling rates. The crystallisation 
enthalpy (∆Hc) also decreases with increasing cooling rates for all samples, which is attributed to 
changing nucleation densities.  
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2.5 146.49 100.02 141.40 39.36 37.39 
5 142.88 100.03 137.32 38.21 37.26 
10 138.35 88.91 132.92 38.19 35.34 






























2.5 147.44 125.33 143.09 34.27 36.38 
5 144.21 102.23 139.35 40.41 29.57 
10 140.87 95.98 135.35 38.99 27.18 






























2.5 146.88 113.14 142.00 35.42 31.62 
5 143.42 108.01 138.07 35.54 31.90 
10 139.84 98.85 133.77 34.16 31.26 




























PG  SCF 1 
2.5 147.67 107.72 142.62 39.16 29.59 
5 144.50 104.27 138.86 37.28 31.35 
10 141.65 95.60 134.79 36.75 29.65 






























2.5 149.29 118.52 143.76 33.29 32.89 
5 147.24 113.03 140.44 31.65 33.74 
10 145.13 100.76 136.82 32.05 31.32 
20 142.24 99.35 132.20 31.76 34.00 
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b. PG 0.25% 
   
Figure 3 Heat flow plots vs. temperature and time plot of Pebax graphene composites (with and without scCO2) under 
non-isothermal conditions 
The Avrami plots of log (-ln (1 – X(t))) versus log t are shown in Figure 4 for Pebax graphene composites 
with and without scCO2. The corresponding Avrami parameters n and k were obtained from the slopes 
and intercepts of the plots and are listed in Table 4. In addition, t1/2 (calculated from Equation 4) and 
corresponding R2 are tabulated in Table 4 for all the Pebax graphene composites with and without scCO2. 
The value of k’ increases with increasing cooling rate and the t1/2 decreases with increasing cooling rate. 
As observed in the isothermal crystallisation kinetics, the k’ value decreases upon addition of graphene 
from 0.80 for neat Pebax to 0.29 for PebaxSCF, suggesting slow crystallisation kinetics (time taken to 
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reach 50% crystallisation also increases).  Kazarian 15 reported that scCO2 plasticisation of 
semi-crystalline polymers may induce the formation of crystallites, where scCO2 induces mobility of 
polymer chain which then allows them to rearrange into a kinetically more favourable configuration.  
Therefore, a lower k’ value for scCO2 assisted samples (specifically PebaxSCF) suggests scCO2 reduces 
the crystallisation and growth rate in order to initiate formation of perfect crystallites (note that the n 
values for scCO2 are greater than 3). This scCO2 initiated process of rearrangement into kinetically 
favourable manner has resulted in slow crystallisation rates with larger t1/2. With the introduction of 
graphene particles (processed without scCO2), the k’ value decreases from 0.80 for Pebax to 0.29 PG 
0.25%, and continues to decrease until PG 2.5%, suggesting a slow crystallisation rate due to hindrance 
to free chain movement upon addition of graphene particles.  




( ̊ C/min) 












2.5 2.72 -0.09 0.80 0.95 1.01 0.993 
5 2.66 0.24 1.73 0.56 0.70 0.990 
10 2.70 0.86 7.24 0.32 0.41 0.982 
20 2.53 1.48 30.19 0.17 0.22 0.985 
 
PebaxSCF 
2.5 3.25 -0.77 0.16 1.50 1.54 0.998 
5 3.20 -0.02 0.95 0.86 0.90 0.997 
10 2.84 0.84 6.91 0.42 0.44 0.988 




2.5 3.08 -0.53 0.29 1.75 1.51 0.998 
5 3.25 0.14 1.38 1.09 0.85 0.998 
10 2.74 0.19 1.54 0.60 0.49 0.990 





2.5 3.18 -0.51 0.30 1.27 1.57 0.998 
5 3.01 0.17 1.47 0.73 0.85 0.994 
10 3.38 0.99 9.77 0.43 0.47 0.993 




2.5 2.92 -0.48 0.33 1.22 1.48 0.997 
5 2.62 0.12 1.31 0.76 0.86 0.995 
10 2.64 0.70 5.01 0.44 0.49 0.990 
20 2.87 1.39 24.54 0.25 0.27 0.989 
 
PGSCF 0.5 
2.5 3.51 -0.73 0.18 1.44 1.57 0.999 
5 3.16 0.08 1.20 0.81 0.86 0.997 
10 3.29 0.85 7.07 0.47 0.50 0.995 




2.5 2.60 -0.47 0.33 1.22 1.41 0.995 
5 2.80 -0.03 0.93 0.82 1.00 0.996 
10 2.96 0.48 3.01 0.54 0.58 0.990 
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20 2.54 0.98 9.54 0.28 0.34 0.986 
 
PG SCF 1 
2.5 3.35 -0.74 0.18 1.46 1.49 0.998 
5 3.13 0.04 1.09 0.83 0.88 0.997 
10 3.32 0.68 4.78 0.52 0.54 0.994 
20 4.01 1.82 66.06 0.31 0.32 0.998 
 
PG 2.5 
2.5 2.78 -1.04 0.09 1.78 1.01 0.982 
5 2.86 -0.36 0.43 1.10 0.70 0.992 
10 2.60 0.17 1.47 0.63 0.41 0.990 
20 2.50 0.69 4.89 0.38 0.22 0.987 
 
PGSCF 2.5 
2.5 3.20 -0.85 0.14 1.60 1.54 0.996 
5 3.10 -0.28 0.52 1.05 0.90 0.994 
10 3.28 0.39 2.45 0.70 0.44 0.990 
20 3.05 0.99 9.77 0.39 0.26 0.986 
 
The k’ value tends to decrease when processed with scCO2, suggesting that scCO2 process may have 
resulted in exfoliation which in turn enhances the polymer graphene interaction, thereby imposing 
restrictions on the crystal growth. A similar decrease in the value of k’ was also reported by Zhang et al. 
40 for nylon 6/graphene composites, where such decreasing k’ upon addition of graphene was attributed 
to a negative effect on crystallisation mainly as graphene particles restrict migration and diffusion of the 
polymer chains to the surface of the nucleus (slow crystallisation process – longer time). 
Another important observation was the shift of the n values from 2 to 3, specifically when the samples 
were processed with scCO2. The average n values for samples extruded without scCO2 are 2.57 for neat 
Pebax, 2.99 for PG 0.25%, 2.76 for PG 0.5%, 2.72 for PG 1% and 2.68 for PG2.5%. The average n values 
for samples extruded with scCO2 are 3.06 for neat PebaxSCF, 3.16 for PGSCF 0.25%, 3.43 for PGSCF 
0.5%, 3.45 for PGSCF 1% and 3.15 for PGSCF 2.5%. The n values for neat Pebax lies between 2.42 to 
2.70, indicating complex plate-like lamellar – spherulite aggregates nearing three-dimensional growths. 
Similar experimental results were reported by Wunderlich and McFerran et al. for Nylon 12 50-52. This 
suggests that the inclusion of graphene particles along with scCO2 processing might have favoured 
heterogeneous nucleation through exfoliation of graphene particles and this exfoliation/interaction may 
have initiated a complex crystallisation process (where the adhesion of graphene might act as nuclei). 
This increasing n value suggests that graphene particles at a lower concentration may have aligned/well 
dispersed, where these particles act as nucleation sites, thereby increasing the rate of crystallization. 
However, a higher graphene ratio increases the nucleation sites but hinders the diffusion of polymer 
chains to the growing crystallite, which caused a decrease in the rate of crystallization. Therefore, higher 
graphene concentrations induce a larger number of heterogeneous nucleation sites and limit crystal 
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growth producing crystals of smaller size, thereby a clear decrease in the n value can be observed for 1% 
and 2.5% graphene ratio. 
       
                                               a. PG 0.25%                                                                           b. PG SCF 
   
             c. PG 2.5%                                                                           d. PG SCF 2.5% 
Figure 4 Avrami plot of Pebax graphene composites (with and without scCO2) under non-isothermal conditions 
                                    
Figure 5 and Table 5 show the parameters obtained from the Ozawa model. The plot of ln (-ln (1-X(T)) 
vs. ln " taken at different temperatures ranging from 125 ˚C to 144 ˚C gives a linear fit, where the slope 
and intercept yields the kinetic parameters m and k*. Both Log k* and m values do not show any 
significant changes when graphene particles are introduced (m and k* independent of graphene filler 
ratio). However, the m values of samples extruded with scCO2 are slightly higher, while the Log k* 
values tend to decrease, suggesting a lower crystallisation rate with scCO2 It is evident from the Ozawa 
plot that a perfect linear fit cannot be achieved, due to the influence of secondary crystallisation (R2 <<1). 
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This suggests that mean m and k* values are difficult to achieve and thus the Ozawa method cannot be 
used to describe the crystallisation kinetics of Pebax graphene composites under non-isothermal 
conditions. 
Table 5 Ozawa parameters of Pebax graphene composites (with and without scCO2) under non-isothermal conditions 







125 -0.52 1.73 0.842 
128 -1.13 2.39 0.744 
133 -1.27 2.06 0.843 
138 -3.82 3.88 0.993 




125 -0.46 1.42 0.953 
128 -0.81 1.76 0.845 
133 -2.80 4.07 0.786 
138 -4.63 5.02 0.894 





125 -0.52 1.90 0.940 
128 -0.57 1.78 0.974 
133 -1.20 2.29 0.874 
138 -3.43 4.58 0.876 





125 -0.34 1.30 0.991 
127 -0.82 2.34 0.877 
130 -0.94 2.19 0.961 
135 -2.46 3.71 0.861 
140 -4.49 4.81 0.929 





125 -0.58 2.10 0.954 
128 -0.64 1.96 0.972 
133 -1.37 2.56 0.863 
138 -3.62 4.83 0.875 
141 -4.70 5.04 0.906 
 
 
PG SCF 0.5 
125 -0.57 1.75 0.970 
127 -0.69 1.79 0.939 
130 -1.11 2.14 0.875 
135 -3.13 4.26 0.846 





125 -0.43 1.62 0.959 
128 -0.49 1.52 0.996 
133 -0.88 1.72 0.927 
138 -2.33 3.07 0.886 




125 -0.43 1.43 0.992 
128 -0.59 1.48 0.949 
130 -0.80 1.63 0.909 
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145 -2.11 2.91 0.858 
140 -3.52 3.34 0.937 




125 -0.30 1.16 0.960 
128 -0.38 1.12 0.961 
133 -0.75 1.29 0.918 
138 -1.69 1.93 0.924 




125 -0.52 1.89 0.999 
130 -0.64 1.69 0.968 
132 -0.79 1.73 0.942 
136 -1.44 2.17 0.899 
140 -2.50 2.78 0.944 
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                                           a.  PG 0.25%                                                                        b. PGSCF 0.25% 
 
   
      c. PG 0.5%                                                                                 d. PGSCF 0.5% 
Figure 5 Ozawa plot of Pebax graphene composites (with and without scCO2) under non-isothermal conditions 
 
The combined Avrami and Ozawa equation as reported by Mo et al. 47 was used to describe the kinetics 
of non-isothermal crystallisation by plotting the log ϕ vs. log t at a specific value of X(t). The values b 
and F(T) can be obtained from the slope and intercept of the plot (Figure 6). It is evident from the plots 
and Table 6 that there is a good match between the Liu analysis 47 and the experimental data for all the 
sample types. The value ln F(T) increases with the relative degree of crystallinity, indicating that higher 
crystallisation time is required at a higher cooling rate in order to reach unity degree of crystallinity. 
Therefore, the value of F(T) can be considered to indicate the polymer crystallisation rates, where lower 
values suggest higher crystallisation rate and higher values suggest lower crystallisation rates 53. It is 
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clearly evident from Table 6 that the ln F(T) values gradually increase with the addition of graphene up to 
2.5 % (consider samples without scCO2). This increase indicates that at unity crystallisation time, a 
higher cooling rate should be used in order to obtain a higher degree of crystallinity. All the Pebax 
graphene composites had a larger ln F(T) when compared to the neat Pebax for all the relative degree of 
crystallinity values. It suggests that the addition of graphene has lowered the rate of crystallisation 
compared to neat Pebax (in agreement with the Avrami model); thereby hindering the nucleation or 
growth rate. The use of scCO2 further increases the F(T) value up to a loading concentration of 1%, 
indicating much slower crystallisation rate when compared to its untreated counterpart.  
 
Table 6 Avrami-Ozawa (MO) parameters of Pebax graphene composites (with and without scCO2) under non-isothermal 
conditions 







0.2 1.31  0.429 1.53 0.981 
0.4 1.27 2.57 0.716 2.04 0.988 
0.6 1.26  0.882 2.41 0.991 




0.2 1.15  1.053 2.86 0.997 
0.4 1.14 3.06 1.315 3.72 0.998 
0.6 1.13  1.463 4.31 0.999 





0.2 1.28  0.825 2.28 0.991 
0.4 1.27 2.99 1.134 3.10 0.999 
0.6 1.21  1.300 3.66 0.991 




0.2 1.27  0.829 2.29 0.999 
0.4 1.21 3.16 1.129 3.09 0.998 
0.6 1.23  1.309 3.70 0.999 





0.2 1.40  0.701 2.01 0.998 
0.4 1.35 2.76 1.052 2.86 0.998 
0.6 1.32  1.261 3.52 0.999 
0.8 1.29  1.422 4.14 0.999 
 
 
PG SCF 0.5 
0.2 1.37  0.938 2.55 0.997 
0.4 1.35 3.43 1.237 3.44 0.996 
0.6 1.32  1.435 4.19 0.996 





0.2 1.45  0.777 2.17 0.992 
0.4 1.40 2.72 1.141 3.12 0.994 
0.6 1.40  1.382 3.98 0.990 
0.8 1.36  1.557 4.74 0.991 
 
 
PG SCF 1 
0.2 1.40  1.016 2.76 0.999 
0.4 1.35 3.45 1.335 3.79 0.999 
0.6 1.35  1.520 4.57 0.999 
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0.2 1.38  1.304 3.68 0.999 
0.4 1.38 2.68 1.601 4.95 0.999 
0.6 1.33  1.798 6.03 0.999 




0.2 1.60  
3.15 
1.180 3.25 0.999 
0.4 1.46 1.515 4.54 0.999 
0.6 1.44 1.720 5.58 0.999 
0.8 1.43 1.905 6.71 0.999 
 
 
At graphene content of 2.5%, the crystallisation rate slightly increases (F(T) value of scCO2 samples are 
lower than the neat composite matrix) due to a suggested even dispersion of graphene particles within the 
polymer matrix. Similar results can also be seen from the Avrami analysis.   
It is found that the b value, which is the ratio of n/m, tends to increase upon addition of graphene particles 
except for PG 0.25%. This is because the entire graphene composite polymer matrix had higher mean n 
values. As the filler content is increased to 2.5%, the b value decreases due to complexity in the 
crystallisation geometry. The b value is maximum for PG 1%, suggesting that higher graphene 
concentrations induce a larger number of heterogeneous nucleation sites and limits crystal growth, 
producing crystals of smaller size, therefore a clear decrease in the n value can be observed for 1% and 
2.5% graphene ratio. 
The influence of various cooling rates under non-isothermal crystallisation process on the activation 
energy can be described using the Kissinger equation. The plot of ln(ϕ/Tc2) vs. 1/Tc gives the linear slope 
determining the ∆E (Figure 7) and is given in  
Table 7 The activation energy increases upon the addition of graphene particles indicating the hindrance 
caused by graphene for easy phase-transformation. However, the activation energy for samples with 
scCO2 tends to reduce when compared to its counterpart samples without scCO2.  
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                                    a. PebaxSCF                                                           b. PG 0.25% 
 
PGSCF 0.25%                                                            PG 0.5% 
Figure 6 Avrami - Ozawa (MO) plot of Pebax graphene composites (with and without scCO2) under non-isothermal 
conditions 
As described by Fan Zhang et al.40, the activation energy (∆E) consists of two components, first the free 
transport activation energy (∆E*) for transporting the molecular segment to a crystalline phase and 
second, the nucleation activation energy (∆F*) for the formation of critical size nuclei.  
It is suggested that the graphene interaction with the hydrogen bond of amide group restricts the process 
of crystallisation and the transport activation energy. In addition, graphene particles also act as nuclei, 
which decrease the nucleation activation energy.  
For this reason, the activation energy under non-isothermal conditions has an increasing trend upon 
addition of graphene up to 2.5 wt. %. It can be observed that ∆E value PG 0.25% is higher than PG 0.5% 
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and PG 1%; this reduction in activation energy when compared to PG 0.25% can be attributed to even 
dispersion and interaction of graphene particles with the hydrogen bond which in turn reduces the 
activation energy for transporting molecular segments across the phase boundary to crystallisation phase. 
As the graphene percentage is increased, the nucleation activation energy dominates as graphene 
particles tend to agglomerate acting as crystallisation nuclei. In all the cases the activation energy of 
scCO2 treated samples remains less than the untreated counterpart. 
 


































Figure 7 Kissinger plot of Pebax graphene composites (with and without scCO2) under non-isothermal conditions 
 
X-ray diffraction 
XRD analysis was used to understand the effects of increasing graphene concentration and the influence 
of scCO2 assisted processing of Pebax-Graphene composite matrix. Pebax is a semi-crystalline 
copolymer consisting of crystalline PA-12 block and amorphous PE block. Therefore, a relatively broad 
peak is expected due to the semi-crystalline nature of Pebax rather than a sharp peak on the XRD pattern 
which would indicate a highly crystalline structure for a given material. The XRD pattern of neat Pebax 
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(Figure 8) shows a peak approximately at 2θ=22˚, occurring mainly from the inter-chain hydrogen 
bonding of crystalline of the PA-12.   
The d-spacing of the scCO2 treated Pebax shows a slight decrease from 4.18 for untreated Pebax to 4.03 
for scCO2 treated Pebax (PebaxSCF), suggesting that the scCO2 treatment reduces the spacing between 
planer lattice (i.e. tightens up the lattice within the crystal) of Pebax polymer matrix. In addition, the full 
width at half maximum (FWHM) increases from 1.88 for neat Pebax to 2.43 for scCO2 treated Pebax, 
indicating peak broadening, suggesting decreased crystallite size. In order to quantify the effects such 
peak broadening on the crystallite size, Scherrer’s equation was used. Table 8 shows the recorded 
d-spacing, 2θ peak, FWHM and calculated crystallite size.   
 
Figure 8 XRD pattern for Pebax-Graphene composite matrix with and without scCO2 
 
In all the cases the scCO2 treated polymer matrix results in broadening of the peak. It can be seen from 
Table 8 (consider samples without scCO2) that the crystallite size tends to reduce except for PG 1%. Such 
reduction in the crystallite size can be expected as graphene particles act as nucleating sites which in turn 
reduce the overall individual crystal size due to higher crystal density. Such increased nucleation sites 
leading to reduced crystallite size can be validated from the crystallisation kinetics parameters obtained 
from both isothermal and non-isothermal crystallisation kinetics, where the value of crystallisation rate 
(k) increases and Tc shifts to higher temperatures. However, when the samples are processed with scCO2, 
the crystallite size tends to reduce compared to its untreated counterpart (except for 1% loading), as 
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scCO2 induces crystallisation process in a kinetically favourable manner and also due to probable 
exfoliation of graphene particles.  In addition, it is evident that the crystallite size is lowest for PGSCF 
0.25% at 2.48nm and slowly increases till 1% (PGSCF 1% with crystallite size of 4.87 nm) graphene 
loading which is indicative of the percolation threshold beyond which the graphene particle tends to 
agglomerate and become graphite 54, 55.  
 
Table 8 List of parameters and calculated crystallite size using Scherrer’s equation for Pebax-Graphene composite matrix with 
and without scCO2 
 
Sample Size d-spacing  
in Å 





Crystallite Size in 
nm 
Pebax 4.18 21.26 1.88 4.49 
PebaxSCF 4.03 22.03 2.43 3.48 
PG 0.25 4.05 21.88 2.54 3.32 
PGSCF 0.25 4.07 21.54 3.40 2.48 
PG 0.5 4.03 22.06 2.89 2.92 
PGSCF 0.5 4.14 21.60 2.74 3.08 
PG 1 4.06 21.05 1.73 4.87 
PGSCF 1 4.11 21.95 2.12 3.98 
PG 2.5 4.09 21.68 3.01 2.80 




Isothermal and non-isothermal crystallization behaviour of Pebax-Graphene composites with and 
without scCO2 at various graphene loading concentrations is presented. The following are the 
observations made: 
a. The value of the Avrami exponent ‘n’ is between 2 and 3 under isothermal conditions indicating a 
complex two-dimensional crystal structure for both with and without scCO2 treatment. However, under 
non-isothermal conditions, the value of ‘n’ shows a significant shift from 2 (without scCO2) to 3 (with 
scCO2) indicating full three dimension crystal structure when treated with scCO2.    
b. Under isothermal conditions, the value of crystallisation rate ‘k’ increases up to 0.5% loading, 
suggesting good polymer-graphene interaction and then slowly decreases and settles for 1% and 2.5% 
graphene loading (6.02) due to suggested agglomeration. However, when processed with scCO2, the 
value of k reduces (while t1/2 increases) compared to the untreated counterpart, which is indicative of the 
restriction imposed during the primary crystallisation due to possible exfoliation and crystal 
rearrangement resulting in homogenisation of the composite matrix.  
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c. Under non-isothermal conditions, the Tc shifts to higher temperatures upon the addition of 
graphene suggesting heterogeneous nucleation, however, the Tc shifts to lower temperatures when 
processed with scCO2 indicating that scCO2 processing promotes homogenisation. The value of k 
decreases for both with and without scCO2. The F(T) value obtained from the MO model for scCO2 
composite matrix, further reduces compared to untreated composite matrix indicating slower 
crystallisation rates (in agreement with the Avrami model).  
d. The Arrhenius activation energy gradually increases upon the addition of graphene without scCO2 
till 2.5%, due to restriction imposed by graphene particles during the crystallisation process. The 
activation energy further reduces when processed with scCO2 up till 0.25%, which later tends to increase 
compared to composite matrix without scCO2 due to suggested restriction imposed during the 
crystallisation growth. Similar increases in Kissinger activation energy were observed upon the addition 
of graphene for composites processed without scCO2; however, when the composite matrix was 
processed with scCO2 the activation energy remained lower than the untreated counterpart.  
e. The XRD pattern shows a peak approximately at 2θ=22˚, due to the inter-chain hydrogen bonding 
of crystalline of the PA-12.  The reduction in the crystallite size from 4.49 nm for neat Pebax to 3.48 nm 
for PebaxSCF validates that scCO2 processing induces rearrangement of polymer chains to kinetically 
more favourable configurations. Such decreases in crystallite size are suggested to provide improved 
homogeneity between amorphous and crystalline parts of semi-crystalline copolymer matrices such as 
Pebax.   
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Synopsis: The crystallisation kinetics of Pebax-Graphene composites were investigated when processed 
with and without supercritical fluid carbon dioxide (scCO2) assisted extrusion at various graphene 
loading concentrations. The crystallisation rate decreases when the composite matrix was processed with 
scCO2 due to suggested exfoliation and crystal rearrangement in turn producing homogenous 
composites. Similar results of exfoliation and homogenisation was evaluated by XRD results.  
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